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ABSTRACT
The research for this article was built upon the discussion con-
cerning sustainable value stream mapping (Sus-VSM), which had
recently emerged towards advancing sustainable manufacturing
systems. Research on this sustainable-oriented lean tool has been
confined to only a handful of studies only. Specifically, the lack of
a continuous improvement process, where subsequent value
stream developmental maps can be established to continue the
cycle, is highlighted as a notable shortfall of this application. To
fill the gap, this paper proposes a methodological approach,
based on the DMAIC improvement cycle, to systematically imple-
ment and conduct Sus-VSM studies. The proposed methodology
is practically validated with an industrial case to support this nar-
row body of knowledge. The research findings revealed that a
DMAIC-based approach can be effectively applied to systematize
the Sus-VSM towards sustainable manufacturing. The paper also
provides a guiding reference for operations managers who wish
to undertake similar improvement projects and make their manu-
facturing operations more sustainable, and, hopefully, inspire
other researchers and practitioners to broaden the study of this
under-researched field, which is now receiving growing interest in
various industries.
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1. Introduction
Riding on sustainability as its constant standard reference, manufacturing systems
have undergone numerous revolutions from its initial substitution-based ‘traditional
manufacturing’; the revolution began with the waste reducing ‘lean manufacturing’,
followed by the environmentally-driven ‘green manufacturing’ which introduced the
highly popular 3 R concept (reduce, reuse, recycle) in the 1990s, to the present-day
‘sustainable manufacturing’ which offers better stakeholder value as compared to the
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previous two practices through the introduction of the 6 R concept, i.e. reduce, reuse,
recycle, recover, redesign, and remanufacture (Jawahir et al., 2006; Faulkner &
Badurdeen, 2014).
Sustainability-driven innovations via these practices have been widely acknowl-
edged. Innovation is identified to be highly crucial in developing sustainable manu-
facturing systems (Brown, Amundson, & Badurdeen, 2014), which in turn requires
“the creation of manufactured products which use processes that minimize negative
environmental impacts, conserve energy and natural resources, are safe for employees,
communities, and consumers and are economically sound” (US DOC., 2010). Such
revolution necessitates a profound knowledge of the workings of waste systems that
not only incorporate time-based wastes (muda), but also those that are attributed to
the environment and society. Due to the fact, a methodology was proposed by
Faulkner and Badurdeen (2014) which incorporates the value stream mapping (VSM)
technique from lean manufacturing with added metrics to gage the sustainability of
the environmental and societal impacts, thus known as Sus-VSM.
Based on relevant literature, several studies have examined the integration of add-
itional metrics to extend the VSM, with the majority focusing on energy-related met-
rics (Torres & Gati, 2009; Kuriger & Chen, 2010; Dadashzadeh & Wharton, 2012).
Others had focused on ‘sustainable’ VSM (Fearne & Norton, 2009; Paju et al., 2010),
which mainly entails environmental performance. From here, it is apparent that
the VSM used in analyzing green and sustainable manufacturing has not been
defined properly (Duflou et al., 2012). In general, the lack of research on this sustain-
able-oriented lean tool is still considered limited (Powell, Lundeby, Chabada, &
Dreyer, 2017; Hartini, Ciptomulyono, Anityasari, Sriyanto, & & Pudjotomo, 2018).
Apart from the above-mentioned shortcomings of the Sus-VSM, another one of its
glaring weaknesses is the lack of lean practices and tools that would otherwise con-
tribute to the utilization of cutting-edge statistical/mathematical tools, the ability to
gather and utilize statistical data as a means for process control and monitoring, as
well as the ability to identify lingering issues following the elimination of waste. As
one of the lean tools identified to enhance sustainability performance (Brown et al.,
2014; Faulkner & Badurdeen, 2014), Sus-VSM ought to be treated as the enabler of a
continuous improvement process whereby following the creation of a current-state
map and the accomplishment of the future-state map, ensuing future-state maps can
be established to continue the cycle. Nevertheless, Prashar (2017), Powell et al.
(2017), and Garza-Reyes, Torres Romero, Govindan, Cherrafi, and Ramanathan
(2018) had provided empirical evidence that such application would be more effective
and efficient with the use of a systematic approach that incorporates logically and
well-defined sequenced transitional stages. Hence, ‘other tools’ that could help reduce
or eliminate the said shortcomings are needed.
Such ‘other tools’ may be derived from Six Sigma considering the highly compat-
ible integration between Lean and Six Sigma (LSS) as proven by numerous studies,
which were presented in the theoretical framework of this paper. Six Sigma entails a
project-based approach aimed at improving process and quality of product (Ray &
Das, 2010; Gitlow, Levine, & Popovich, 2006). For process improvement, Six Sigma is
carried out using the DMAIC methodology (Sin, Zailani, Iranmanesh, & Ramayah,
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2015) throughout the define, measure, analyze, improve, and control phases.
Therefore, to establish a continuous cycle of improvements for the Sus-VSM, this
study aims to (1) propose a sequenced approach that is logical and well-defined using
the DMAIC method so that industries can carry out systematic studies on Sus-VSM
and (2) present the proposed approach’s application not only for validation, but also
for guiding operations managers who intend to embark on such improvement proj-
ects. This proposed methodology allows for a systematic, repetitive, and continuously
improving cycle for the Sus-VSM together with the provision of uniquely character-
ized sequencing. Therefore, this paper contributes in filling the gap in literature con-
cerning the use of Sus-VSM for meeting the triple bottom line requirements in
sustainable manufacturing systems and supporting the Lean Six Sigma’s body of
knowledge by proposing a DMAIC-based approach for systematically implementing
and conducting Sus-VSM studies.
To further these purposes, this paper is organized as follows: Section 2 provides
the theoretical perspectives on the under-researched domains, i.e. ‘LSS’; Section 3
presents the research methodology, entailing the proposed DMAIC-based approach
to Sus-VSM; Section 4 clarifies the steps included in implementing the proposed
approach through an industrial application; and, lastly, Section 5 which outlines the
conclusions, limitations, and future research suggestions.
2. Literature review
In the effort to achieve sustainable-oriented operational improvement, the powerful
concepts of lean manufacturing and Six Sigma have been proven to be highly effi-
cient. The principals and tools of Six Sigma have been integrated with that of lean
manufacturing to form the unified Lean Six Sigma (LSS) approach. LSS impacts posi-
tively on organizational profitability, efficiency, customer satisfaction, and quality
(Cherrafi, Elfezazi, Chiarini, Mokhlis, & Benhida, 2016) as well as on the maximiza-
tion of profit and competitiveness (Salah, Rahim, & Carretero, 2010; Lee, Garza-
Reyes, Kumar, Rocha-Lona, & Mishra, 2013). This section examines the foundational
theory and tools of both concepts.
2.1. Lean manufacturing
Lean manufacturing (LM) was first established for the Japan-based Toyota
Production System by Taiichi Ohno and Shigeo Shingo in the 1950s (Herron &
Hicks, 2008). It has since gained a large following by various industries worldwide,
spreading the waste (muda) reduction concept (Miguelez, Errasti, & Alberto, 2014).
In the manufacturing world today, LM is regarded as the most prominent concept
due to its empirically-proven ability to improve organizational competitiveness
(Hines, Holweg, & Rich, 2004) via the reduction of inventories and lead-times and
improvement of productivity and quality (Abdul Wahab, Mukhtar, & Sulaiman,
2013). More and more assessments are being carried out on LM practices which are
also increasingly used to facilitate the development of better sustainable manufactur-
ing strategies (Kuriger & Chen, 2010 and Faulkner, Templeton, Gullett, & Badurdeen,
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2012). Similarly, Brown et al. (2014) and Faulkner and Badurdeen (2014) reiterate the
suitability of LM as a technique in ensuring sustainable manufacturing improvement
activity. According to Womack and Jones (1996) and Mason-Jones, Naylor, and
Towill (2000), a change in the conventional views on LM can improve organizational
efficiency and effectiveness.
The considerable support towards VSM by many authors is relatively expected
owing to its rising popularity, efficacy and ease in facilitating sustainable performance
improvement (Gholami et al., 2019). In proving that VSM is the most comprehen-
sively fitting tool to achieve continuous improvement activities, several simulations
were carried out by Abdulmalek and Rajgopal (2007). It was found to be impactful
for waste elimination activities which facilitate in the visualization and analysis of
information as well as the demonstration of value and non-value-added tasks in the
mapping. Hartini et al. (2018) pointed out that improvised LM tools like VSM can
possibly possess a better visualization functionality of the triple bottom lines for sus-
tainability performance assessment.
Riding on its demonstrated capabilities, VSM is currently being practiced exten-
sively with even modified versions that integrate features of sustainability (Gholami
et al., 2019). Several pioneering studies proposed possible VSM modifications that
incorporate sustainable elements such as the SVSM or sustainable VSM by Simons
and Mason (2002) which focuses on enhancing product manufacturing sustainability
through the analysis of GHG gas emissions. The assumption is that the sustainable
elements are indirectly incorporated as a result of the economic or environmental
benefits as well as social benefits that ensued. Another modified VSM is the sustain-
able value chain map (SVCM) developed by Fearne and Norton (2009) which is a
combination of the abovementioned SVSM and the sustainability metrics; the SVCM
emphasizes the relationships and information flows between UK food retailers and
food manufacturers.
A modified version of the value stream concept incorporating environmental
aspects was developed by Wills (2009) who coined it as green value stream or
Environmental Value Stream Mapping (E-VSM). Another version of the E-VSM
methodology incorporating the lean and environmental toolkit of the U.S.
Environmental Protection Agency (EPA) was developed by Torres and Gati (2009). A
case study in the Brazilian sugar and alcohol manufacturing industry was used to val-
idate this extended methodology. Meanwhile, Paju et al. (2010) came up with the
VSM-based Sustainable Manufacturing Mapping (SMM), which incorporates certain
sustainability indicators, discrete-event simulation and lifecycle assessment. To meas-
ure the energy and environmental performance of sustainable manufacturing compa-
nies, a lean sustainable production assessment tool was proposed by Kuriger
and Chen (2010). A modified VSM coined as E-VSM by Kurdve et al. (2011) was
applied at Volvo Penta Vara and Volvo Construction Equipment Braås. An approach
towards greening the functional information technology areas of companies called
the Green Value Stream Mapping (GVSM) was introduced by Dadashzadeh and
Wharton (2012).
Proper metrics and methods are identified by Faulkner and Badurdeen (2014) in
the all-encompassing methodology for developing the Sustainable Value Stream
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Mapping (Sus-VSM). Three case studies were examined by Brown et al. (2014) to
validate the extent of the Sus-VSM tool’s applicability as well as its timeliness and
limitations in the assessment and visualization of the sustainability performance of
various manufacturing systems. Meanwhile, to improve the operations of prominent
logistics firms in Monterrey, Mexico, the Sustainable Transportation Values Stream
Mapping (STVSM) was introduced by Garza-Reyes, Villarreal, Kumar, and Molina
Ruiz (2016). Garza-Reyes et al. (2018) also introduced an approach for the systematic
implementation and administering of Environmental-VSM (E-VSM) studies centered
on the Plan-Do-Check-Act (PDCA) improvement cycle by Deming.
Based on the studies presented above, there is a clear indication that lean tools,
specifically VSM, are beneficial in addressing sustainability issues. Nevertheless, spe-
cific studies on this sustainable-oriented application are still starkly limited in com-
parison to the substantial number of previous studies on traditional VSM. This is
exacerbated by the dearth in lean practices and tools that can gather and utilize statis-
tical data for process control and monitoring as well as identify lingering issues fol-
lowing waste elimination using quality and advanced statistical/mathematical tools.
An all-encompassing sustainable VSM assessment is not only able to detect the range
of possible wastes/impacts in the economic, environmental and societal dimensions,
but also provide a systematic approach made up of sequential transitional stages that
are logical and properly defined so as to ensure an overall implementation that is
effective and efficient.
2.2. Six sigma
Apart from the powerful lean approach that is primarily centered on waste (muda)
elimination, another equally powerful tool is used predominantly for inconsistency
(mura) elimination or process variation (Miguelez et al., 2014). The worldwide appli-
cation of Six Sigma is testimony of its significant role in facilitating organizational
success as attested by many firms. Initially introduced in the 1980s by Motorola, the
concept was further developed by the likes of General Electric (GE) and AlliedSignal
towards the end of the 1990s (Braunscheidel, Hamister, Suresh, & Star, 2011). The
concept of Six Sigma has since grown in reputation and is implemented globally by
numerous firms including Fortune 500 companies (Goh, 2002) as it significantly con-
tributes to improvements in financial and operational performance as well as cus-
tomer satisfaction by minimizing substandard products and services (Garza-Reyes,
2015). This therefore has garnered it the reputation of being a primary quality busi-
ness tool for the 21st century (Mader, 2008; Pepper & Spedding, 2010).
Prior to this, there was no definitive outcome from associating quality manage-
ment practices with financial performance (Powell et al., 2017). Many progressive
Six Sigma firms engage financial and accounting personnel to specifically identify
the financial benefits offered by Six Sigma projects (Pyzdek, 2014), which is a feature
that distinguishes Six Sigma from other quality management methods (Pande &
Holpp, 2002).
The implementation of Six Sigma process improvement projects relies on the
DMAIC methodology (Sin et al., 2015), which is an acronym of the five incorporated
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phases namely: Define, Measure, Analyze, Improve, and Control. These are the step-
by-step phases, from beginning to end, that are involved in the process of the
improvement project (Wheeler, 2010; Satolo, Andrietta, Miguel, & Calarge, 2009). As
identified in many studies, the effectiveness of Six Sigma is characterized by
DMAIC’s structural rigorousness and discipline (Harry, Mann, De Hodgins, Hulbert,
& Lacke, 2010). Therefore, this model provides a sequence of problem management
steps utilizing quality and statistical tools, thus forming a standardized problem solv-
ing routine. According to Pyzdek (2014), being a learning model, DMAIC underlines
the importance of data collection and analysis even prior to its main focus of execut-
ing problem-solving and improvement initiatives. Hence, DMAIC users are provided
with a decision-making and implementation platform that is based on actual and sci-
entifically-proven facts. This is an effective alternative in achieving the maximum
potential of a process improvement project (Garza-Reyes, 2015).
2.3. Lean six sigma
Relevant literature demonstrates the complementary nature of Six Sigma to the lean
philosophy through its provision of problem management tools and know-how for
identified lean issues. The combination of lean and Six Sigma have been proven to be
highly effective by numerous studies (e.g. Shah, Chandrasekaran, & Linderman, 2008;
Thomas, Barton, & Chuke-Okafor, 2008; Salah et al., 2010; Pepper & Spedding, 2010;
Hilton & Sohal, 2012; Assarlind, Gremyr, & B€ackman, 2012; Lee et al., 2013; Powell
et al., 2017), thus forming the integrated improvement method called ‘Lean Six Sigma
(LSS)’. LSS improves speed by eliminating waste, and quality by reducing process
variability in a simultaneous manner (Salah et al., 2010; Hilton & Sohal, 2012;
Assarlind et al., 2012; Lee et al., 2013). In a survey of 2511 firms engaged in LSS-
based projects, Shah et al. (2008) came to the conclusion that LSS is a powerful inte-
gration tool that ensures continuous improvement. It is believed that LSS is applicable
across industries and organizations, and there was a tendency by researchers to
incorporate LSS throughout improvement activities (Powell et al., 2017).
For organizations to acquire the benefits offered by both strategies, a standard
operational framework for executing LSS is an apparent necessity (Miguelez et al.,
2014; Powell et al., 2017). Lean implementation is executable using several frame-
works, but Six Sigma undoubtedly resorts to the DMAIC framework (Thomas et al.,
2008; Garza-Reyes, Flint, Kumar, Antony, & Soriano-Meier, 2014), as previously dis-
cussed. Nevertheless, choosing the right approach for implementing LSS is always
crucial in ensuring its success; therefore, before using the DMAIC approach, LSS
needs to be discerned from ‘pure’ Six Sigma to direct more focus on the enhanced
value-added via the introduction of basic lean mapping techniques such as VSM.
3. Methodology: proposed DMAIC-based approach to Sus-VSM
The academic literature indicated that the relationship between lean manufacturing
and Six Sigma has been studied in relation to their theoretical integration, their syn-
ergies, the potential benefits of their integration in different contexts, and their
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impact on organizational performance. Abu, Gholami, Saman, Zakuan, and
Streimikiene (2019) pointed out that lean manufacturing has positive impacts on
operations performance (i.e. quality enhancement, inventory reduction, better delivery
and productivity as well as reduced cost), business performance (i.e. profitability, sales
and customer satisfaction improvements), environmental performance, social per-
formance and sustainable performance. Six Sigma improves the quality of processes
in a project-based approach (Ray & Das, 2010; Gitlow et al., 2006). It applies tested
and validated quality tools and techniques with a bottom-line that aligns with senior
managers in order to enhance financial and operational performance as well as cus-
tomer satisfaction by minimizing substandard products and services (Shah et al.,
2008; Garza-Reyes, 2015). This indicates the likelihood of employing these approaches
for sustainable manufacturing.
Since both approaches have unique features and benefits, which only more effect-
ive combinations would retain, this section is aimed to address the important ques-
tion risen: “how can the two approaches be effectively combined into one system
towards sustainable manufacturing?”, which were fundamentally formulated to further
the research purposes. To this end, researchers such as Powell et al. (2017) had incor-
porated VSM into the DMAIC approach to access the environmental sustainability of
the food industry. Nagi and Altarazi (2017) also incorporated VSM into the DMAIC
approach, but with a focus on assessing the economic impact in the carpet-making
process. In the studies by Bendell and Bendell (2006), Thomas et al. (2008),
Engelund, Breum, and Friis (2009) and Miguelez et al. (2014), VSM and DMAIC
were applied independently whereby VSM was used to identify waste whilst by
DMAIC was used as the problem solving tool; meanwhile, the LSS should be applied
as a systematic unified approach (Garza-Reyes, 2015).
In this regard, a DMAIC-based approach to the implementation of Sus-VSM was
proposed to provide an effective and comprehensive method to enable the deploy-
ment of Sus-VSM studies in systematic, repeatable, and continuous cycle of improve-
ment manner. However, the lack of research on this LSS research stream is indeed
apparent. A Sus-VSM, which is a lean tool to enhance sustainability performance
(Brown et al., 2014; Faulkner & Badurdeen, 2014), like the conventional VSM,
involves constant implementation plans for continuous improvement at value-stream
level. To be more effective, it should be considered a continuous improvement pro-
cess where, based on the establishment of a current-state map and after achieving the
proposed future-state map, subsequent future-state maps can be drawn to enable a
continuous improvement cycle.
In this context, the use of the DMAIC model can provide Sus-VSM with a more
specific and holistic project-based orientation to the implementation and achievement
of lean initiatives, as, according to Garza-Reyes (2015), the Six Sigma’s DMAIC meth-
odology could be generalized as the base over which lean initiatives are implemented,
managed, sustained, and improved. Consequently, this study provides a unique char-
acteristic of sequencing and linking lean, and Six Sigma’s tools during the five phases
of DMAIC, as follows. Each phase is elaborated on the clearer stages, as discussed in
detail in the next section through an industrial application, so that the method can
be easily followed and implemented by the practitioners and researchers.
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1. The Define phase of DMAIC – consisting in clarifying the project’s scope, identi-
fying the problem, and defining goals (Basu, 2004; Pyzdek, 2014; Garza-Reyes,
2015). It can objectively ensure selecting the right project, as, Kirkham, Garza-
Reyes, Kumar, and Antony (2014) pointed out that improvement projects
selected objectively are more successful than those that are prioritized subject-
ively. Three main stages for performing this phase are taken out in this study –
D1. clarifying the scope and goal, D2. identifying the sustainability metrics, and
D3. defining the data collection method (see Section 4.1).
2. The Measure phase of DMAIC – consisting in establishing reliable/applicable
metrics to help monitoring key process characteristics, the scope of the parame-
ters considered and their performance to understand their progress towards the
objectives established in the Define phase (Basu, 2004; Pyzdek, 2014). Once that
wastes and their metrics have been defined, current Sus-VSM studies can be con-
ducted to identify the sources of waste and establish the scope of the parameters,
as well as their current performance (Garza-Reyes, 2015). As such, two main
stages for implementing this phase are taken out – M1. establishing the sustain-
ability metrics and M2. creating the current-state Sus-VSM (see Section 4.2).
3. The Analyze phase of DMAIC – involving in the analysis of the system in order
to identify ways to reduce the gap between the current performance and the
desired goals (Garza-Reyes et al., 2014). Thus, after creating the current Sus-
VSM, the following phase in the proposed approach refers to the analysis,
interpretation, and proposal of strategies for the elimination/minimization of the
identified wastes. Two main stages for implementing this phase are taken out –
A1. analyzing the identified wastes and A2. identifying the performance improve-
ment opportunities/areas (see Section 4.3).
4. The Improve phase of DMAIC – consisting in developing the future-state Sus-
VSM map, which portrays the improvements that a process’ value stream can
attain by incorporating the wastes elimination/minimization approaches formu-
lated in the previous phase. However, a future VSM depicts the ‘as-it-should-be’
state (Henrique, Freitas Rentes, Godinho Filho, & Francisco Esposposto, 2016).
Therefore, the main stage for implementing this phase is I1. creating the future-
state Sus-VSM (see Section 4.4).
5. The Control phase of DMAIC – involving in setting the mechanisms for ongoing
monitoring and institutionalizing the improvement actions taken (Basu, 2004;
Pyzdek, 2014), ensuring that all employees perform the improvement processes
in a uniform manner (Garza-Reyes, 2015). Thus, the main stage for implement-
ing this phase is considered to be C1. monitoring and institutionalizing the
improvement actions taken (see Section 4.5).
Anderson and Kovach (2014) and Vinodh, Kumar, and Vimal (2014) applied the
DMAIC approach and integrated the Lean Six Sigma methodology throughout the
waste reduction project and observed significant improvements in terms of oper-
ational performance and lower failure rate which translates into positive sustainability
impacts in general. The methodology used in this case study integrated the LM tools
specifically the Sus-VSM to illustrate the value stream mapping for all the processes,
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activities, values and information throughout the process and to identify the potential
areas for improvement and opportunities for waste reduction. The DMAIC-based
approach was utilized in parallel with the Sus-VSM to further analyse the criticality
and priority of the identified areas. The systematic approach and its successful appli-
cation will be discussed in Section 4.
In this regard, the DMAIC approach to Sus-VSM implementation was applied in
one of the hard disc drive substrate manufacturing industries in Malaysia.
Specifically, the application focused on the nickel plating (EN-Plating) process that
performing nickel plated on the aluminum disc, as shown in Figure 1, where the
EN-Plating process begins with the Racking station and ends at the Caddy Transfer
station. This manufacturing process was selected due to the EN-Plating process
waste, which has been listed in the first schedules waste of the environmental qual-
ity in Malaysia as Environmentally Hazardous Substance (EHS), under the
Malaysian Environmental Quality Act (EQA) 1974 (Aja, Al-Kayiem, Zewge, & Joo,
2016). This industrial application of the proposed approach led to an empirical
study, which most appropriate research methods are action research (Garza-Reyes
et al., 2018).
The researchers have been advocated performing the action research process,
which is a variation of the case study where the researcher is not an independent
observer but a participant in the process, to develop and refine the DMAIC method-
ology within a lean improvement program (Miguelez et al., 2014). Therefore, and as
advocated by Coughlan and Coghlan (2002), the action research was evidenced to be
an effective method not only to document and report the experiences and lessons
learnt by the authors while carrying out the Sus-VSM but also to test it and draw
conclusions regarding its effectiveness. It makes a valuable practical contribution to
advancing the narrow body of knowledge on the under-researched scope.
Figure 1. The current-state Sus-VSM.
Source: The Authors.
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4. Applying the proposed approach: results and discussion
4.1. Define phase
4.1.1. D1: Clarifying the scope and goal
Clear objectives and goal setting facilitate a clear and systematic pathway in any
research (Chiarini & Vagnoni, 2015). Six Sigma begins with the Define phase, where
the scope of the research is clearly determined and finalized in alignment with the
problem statement. Sin et al. (2015) highlighted organizational experience as the
most important key for successful Six Sigma projects. Thus, team members should
consist of Six Sigma and subject matter experts in the relevant scope. With the
expert team established, a brainstorming session is conducted to gain the informa-
tion and input required. In this sense, this study set the goal to give the Sus-VSM
implementation a focal point, so as to effectively identify and measure sustainability
metrics in the value stream of the EN-Plating process (see Figure 1) to then formu-
late and undertake suitable approaches to eliminate/minimize wastes in order to
move on to the future-state.
The current project scopes out an electroless nickel plating (EN-Plating) process in
one of the hard disc drive substrate manufacturing industries, which is hereafter
called as ‘substrate’. EN-Plating process is used to deposit a layer of Nickel-
Phosphorus layer. The coating is deposited by an auto-catalytic reaction substrate
without necessarily passing an electric current through the aqueous solution. It is
used extensively in several major industries, such as printed circuit boards and manu-
factured hard disk drives, as a way of providing an atomically smooth coating to the
aluminum disks and electroplated plastics which is made possible by the development
of electro less technology. The EN-Plating process has wide industrial applications
owing to their excellent mechanical, physical, electrical, as well as corrosion and wear
resistance properties. Other outstanding characteristics of EN-Plating include the abil-
ity to be applied on a variety of substrate materials and the ability to plate uniformly
on intricate part geometries.
Figure 1 illustrates the detailed diagram for the EN-Plating process flow. It begins
with the racking station, where the substrate is received from incoming through con-
veyer, and placed into a cassette box consisting of 25pcs of the substrate. At the rack-
ing station, 4 cassette equivalents to 100pcs of the substrate are transferred to 1
spindle and placed into 1 rack. 1 rack consists of 14pcs of spindle equivalent to
1400pcs of the substrate. Hence, 1 batch of the plated substrate has 1400pcs of the
substrate. The racking station is fully automated except that it still requires an oper-
ator to pull the spindle from the racking station and place it in the provided rack.
Once 1 batch of the substrate is completed, the rack is pulled to the Loading station
to start the pre-plate process. The substrate is immersed in the pre-plate solutions
which are formulated to remove oxides and soils from the surface of the substrate
and to condition the surface prior to the plating operation. Pre-plate consists of 5
chemical tanks namely Alkaline clean, Acid Etch, Nitric Acid and Zincate 1 & 2. The
pre-plate tanks prepare the aluminum substrate for nickel deposition and also
improve the adhesion of the nickel onto the Aluminum. Then, the substrate contin-
ues to the next major process which is EN-Plating tank. In between each chemical
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tank, there is a spray and rinse tank to remove any chemical residues on the disks
from the previous process tank and to prevent any chemicals from entering the next
process tank. The overflows/dip rinse removes any chemicals from the fixtures and
spindles. Once the EN-Plating process is completed, the rack is transferred to the
Ammonia Hot dip rinse to neutralize the pH. Then, the rack is transferred to the
Unloading station where an operator is needed to pull the rack to the Un-racking
station. At the Un-racking station, all the spindles are transferred to the conveyer
prior to transferring the substrate from the spindle to the cassette again. 1 spindle
of the substrate is distributed to 4pcs of oven cassette which then proceed to the
Post Plate Wash and oven. The oven cassette is used in this process due to its
resistance to the high temperature during the oven process. Here, the plated sub-
strate is immersed into the boat tank and spray rinsed to clean all the chemical resi-
dues from the previous EN-Plating process. The post plate Oven bakes the plated
substrate and releases the stress of the substrate molecules. Once the process is
completed, the cassette proceeds to the automated caddy transfer, where the oven
cassette is changed to the process cassette and released to the next process. In sum-
mary, the EN-Plating process begins with the racking station and ends at the caddy
transfer station (Figure 1).
4.1.2. D2: Identifying the sustainability metrics
The sustainability performance of manufacturing firms is evaluated by applying the
sustainability metrics (Brown et al., 2014; Faulkner & Badurdeen, 2014; Powell et al.,
2017). Therefore, the determination of those metrics is necessary to access the sus-
tainability performance of the under-studied process. As shown in Table 1, research-
ers have proposed various metrics. The choice of selecting the metrics depends on
the firm’s manufacturing processes. In other words, the selected metrics must be rele-
vant to the industry where the study is to be conducted and all metrics should fit in
a map to visually depict the performance state. In this investigation, the selected met-
rics (Table 1) are more relevant in evaluating the EN-Plating process; they are
included in Sus-VSM as such.
4.1.3. D3: Defining the data collection method
In a VSM study, a rigorous and systematic data collection methodology needs to be
defined in order to ferret out sources of waste and find ways to eliminate them. The
same applies to the implementation of Sus-VSM (Faulkner & Badurdeen, 2014;
Powell et al., 2017). For this project, the data collection method consisted in formu-
lating and following a pre-established data collection plan that included the gathering
of sustainable data regarding different characteristics of the value stream of the
under-studied process. In particular, the data collected included characteristics, as ela-
borated in the next phase (see stage M1). To do this, the entire value stream of the
studied EN-Plating process was followed and observed from end to start through a
period of quarter monitoring using the measurement tools and facilities control devi-
ces. Data was accordingly collected and analyzed.
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Table 1. Summary of the recognized sustainable metrics.
Elements Sustainability metrics Sources
Applicable
metrics
Economic Value Added Time, Min Faulkner et al. (2012), Brown et al.
(2014), Phuong and Guidat (2018),
Tyagi et al. (2015)

Non Value-Added Time, Min Faulkner et al. (2012), Brown et al.
(2014), Tyagi et al. (2015)

Manufacturing Cost, $ Huang & Badurdeen (2018), Eastlick
et al. (2011)
Operational energy cost Huang & Badurdeen (2018), Hartini
et al. (2018)
Product raw material cost Huang & Badurdeen (2018)
Packaging related cost Huang & Badurdeen (2018)
Scrap Cost Huang & Badurdeen (2018), Hartini
et al. (2018)
Process-related consumables cost Huang & Badurdeen (2018), Lu et al.
(2012), Eastwood and Haapala (2015)
Processing tools- related cost Huang & Badurdeen (2018), Lu
et al. (2012)
Water cost Huang & Badurdeen (2018)
Maintenance cost Huang & Badurdeen (2018), Gao et al.
(2016), Lu et al. (2011)
Cost of PPE, jigs/fixtures, equipment Huang & Badurdeen (2018)
Other non-operational energy costs Huang & Badurdeen (2018)
Indirect labor cost (maintenance,
cleaning, material handler, labors)
Huang & Badurdeen (2018), Lu et al.
(2011), Song et al. (2013), Eastwood
and Haapala (2015)

Training cost Huang & Badurdeen (2018)
Cost of waste disposal treatment Huang & Badurdeen (2018), Hartini
et al. (2018)
Raw Material Consumption, Kg Lu et al. (2012)
Power Consumption, kWh Kuriger & Chen (2010), US EPA (2007)
Total Energy Consumption, mPt Vinodh et al. (2016), Lu et al. (2012)
Oil and Coolant Consumption, Litres Faulkner & Badurdeen (2014)
Cost for use of energy ($) Lu et al. (2011), Cosgrove et al. (2018)
Cost of by-product treatment ($) Lu et al. (2011)
Labor cost ($) Lu et al. (2011), Prasara-A and Gheewala
(2016), Song et al. (2013), Eastwood
and Haapala (2015), Huang &
Badurdeen (2018), Gao et al. (2016)
Renewable material Mahmood et al. (2015), Lu et al. (2011)
Non- renewable material Mahmood et al. (2015), Lu et al. (2011)
Environmental Carbon footprint, mPt Vinodh et al. (2016),Yang et al. (2011),
JJayal, Badurdeen, Dillon, and Jawahir
(2010), Chong, Teo, and Tang (2016),
Egilmez, Kucukvar, and Tatari (2013)
Chemical Consumption, Liter Azapagic et al. (2016), Faulkner and
Badurdeen (2014), Hartini et al. (2018)

Water eutrophication, mPt Vinodh et al. (2016), Prasara-A and
Gheewala (2016)
Air acidification, mPt Vinodh et al. (2016), Mahmood
et al. (2015)
Water consumption, Liter Torres and Gati (2009), Brown et al.
(2014), Lu et al. (2012), Hartini et al.
(2018), Lu et al. (2011), Faulkner et al.
(2012), Phuong and Guidat (2018),
Hartini et al. (2018), Deif (2011),
Prasara-A and Gheewala (2016)

Green House Gas (GHG) emission
(ton CO2 eq./unit)
Lu et al. (2011), Mahmood et al. (2015),
Faulkner et al. (2012), Lu et al. (2012),
Deif (2011)
Ratio of renewable energy used (%) Urtiaga and Irabien (2013), Lu
et al. (2011)
(continued)
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4.2. Measure phase
4.2.1. M1: Establishing the sustainability metrics
4.2.1.1. Economic metrics. Manufacturing cost and operational performance cost were
identified, as shown in Table 1, to evaluate the economic sustainability performance.
Manufacturing costs are incurred directly and indirectly during the manufacturing
operations. Direct operation cost is directly contributed by the production or manu-
facturing of the product such as direct labor, raw materials, chemical volume, energy
consumption, and waste management costs. Indirect cost involves the fixed and vari-
able costs incurred throughout the manufacturing activity such as indirect labor cost,
scrap, maintenance, jigs or fixtures, and cost of processing tools. This research con-
siders both clusters and that suggested by Faulkner and Badurdeen (2014) to measure
operational performance characterized by operational efficiencies such as process lead
time, productivity, and labor efficiency.
 Cycle time – the EN-Plating process requires almost 8 hours to complete starting
with the racking process up to the caddy transfer activity involving many work
stations and movements. Through the Sus-VSM, each step in the process was
noted and illustrated in the table box complete with the activity name and time
consumption for each. From the time value recorded, the ratio for the value-added
Table 1. Continued.
Elements Sustainability metrics Sources
Applicable
metrics
Mass of restricted disposals (kg/unit) Deif (2011), Lu et al. (2011)
Noise level outside the factory (dB) Lu et al. (2011)
Energy consumption (kWh) Prashar (2017), Lu et al. (2011), Garza-
Reyes et al. (2018)

Energy consumption on maintaining
facility environment (kWh)
Faulkner et al. (2012), Phuong and
Guidat (2018), Lu et al. (2011), Jayal
et al. (2010)
Energy consumption for transportation Lu et al. (2011), Song et al. (2013)
Eutrophication Potential; Biological
oxygen demand (BOD),
Chemical Oxygen demand (COD,
Phosphorus (PO4), Ammonia (NH3)
Mahmood et al. (2015)
Raw Material Usage, Kg Faulkner et al. (2012), Brown
et al. (2014)
Social Ergonomics - Physical work:
 Physical Load Index
 Postural Analysis – REBA
Injury Rates (Injuries)
Huang & Badurdeen (2018), Faulkner and
Badurdeen (2014) Hollmann
et al.(1999), Faulkner et al. (2012),
Brown et al. (2014), Lu et al. (2012),
Hartini et al. (2018)

Work Environment:
 Noise Level, dB
 EHPS
 Exposure to Corrosive/toxic
chemicals (incidents/person)
 Exposure to high energy components
 Mist/dust level (mg/m3)
 Health-related absenteeism rate (%)
 Carcinogen; Arsenic, Benzene
Heavy metal; Lead (Pb), Mercury (Hg),
Chromium (Cr), Cuprum (Cu)
Faulkner et al. (2012), Brown et al.
(2014), OSHA (2008), Faulkner and
Badurdeen (2014), Huang &
Badurdeen (2018), Lu et al. (2011),
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and non-value added activity tasks can be identified and measured known as the
value added ratio (VAR). This ratio indicates the existence of non-value added
activities throughout the whole process. The lower the value, the better the process
would be. Ratio in lead time will be identified and observed if improvement is
needed to reduce the lead time. Table 1 indicates the value-added time and non-
value added time as applicable metrics that need to be considered as both are
required to obtain the value-added ratio. Tyagi, Choudhary, Cai, and Yang (2015)
and Kurdve, Shahbazi, Wendin, Bengtsson, and Wiktorsson (2015) emphasized the
role of the management team in performing lead time reduction activities such as
site visits to the production floor. Such activity is known as the Gemba walk in the
LM approach, an effective tool to gain a clear picture of the production line flow
and to instantly identify any non-value added tasks. Figure 2 shows the Pareto chart
of cycle time (mins) of the EN-Plating process which denotes that the PPW/PPO
recorded the second longest cycle time compared to the other processes. Figure 1
illustrates the lead time studied in each process. By reducing lead time, the industry
was able to reduce operational cost hence leading to economic sustainability and
ensuring that the process and product produced are in optimum condition.
 Indirect materials costs – in this case study, the indirect materials involve the cost
of chemical use in the pre-plate and plating process, grouped with several items
including raw material consumption, laboratory consumable items and filter units.
The values of the indirect materials are grouped and classified as material cost,
focusing on the filter usage and high change frequency in the production. Each
tank is installed with specific pore-sized filters to filter any foreign particles in the
tank and chemical solution. The total cost of the indirect materials is about
5028.8USD as illustrated in Figure 1. From data history, it is observed that about
5% of the IDMs are contributed by the filter replacement activity. Reduction of
IDM cost will lead to sustainability in terms of economic productivity and
Figure 2. Pareto chart of cycle time (mins).
Source: The Authors.
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efficiency whereby many improvement actions can be taken such as supplier qual-
ity, raw material evaluation and new vendor outsourcing.
4.2.1.2. Environmental metrics. In this study, the EN-plating process produces spent
electro less nickel-plating solutions, stripping solutions, and rinse waters. The spent
plating solutions contain substantial amounts of total soluble nickel ion (Ni þ 2) and
reducing and complexing agents including Metal Turnover (MTO). Rinsing activity
contains metallic contaminants and other bath constituents found in the electro less
bath solution. Additionally, the surface treatment industry is among the most polluted
in manufacturing industries thus requiring further attention and action. Therefore,
chemical consumption, processed water, and energy consumption are taken into con-
sideration as the environmental metrics (Table 1). The following parts present the
justification for selecting metrics and how each metric has been measured and ana-
lyzed through Sus-VSM.
 Chemical consumption (volume) – the EN-Plating process (Figure 1) starts with
the pretreatment process that focuses on the substrate surface treatment, whereby
the solutions are formulated to remove oxides and soils from the surface of the
substrate and to condition the surface prior to the plating operation. The pre-
treatment process prepares the Aluminum substrate for nickel deposition and also
improves the adhesion of nickel onto the Aluminum. Chemicals involved during
this process consist of acidic and alkaline solutions that may create harm to the
environment and humans as well. Once the pretreatment process is completed,
the substrate proceeds to the EN-Plating process that uses the main chemical, i.e.
Nickel solution. The nickel solutions itself actually contains a few more chemicals
that need to be combined in order to make up the optimum nickel plating bath
solution. The chemicals involved are Nickel, sodium hypophosphate, complexes,
and stabilizers. The plating solution contains numerous chemical components that
are involved in the chemical deposition of nickel from aqueous solution by strong
reducing agents without the use of electric current. The plating solution contains
three types of Nickel aqueous known as A, B, and D which represent the reducing
agents namely sodium hypophosphite, complexing agents and stabilizer. All the
components need to be maintained in proper balance for each volume mass in
order to ensure excellent surface plating activity and to avoid any decomposition
of the plating solution that may interrupt the nickel content in the plating bath.
The EN-Plating process is also created by products that may pose environmental
and social impacts such as Nickel sulphate, trophozoite, particulates, and metallic
ions. Data collected through Bleed off volume monitoring by facilities team for a
time of period. Average data is measured and inputted into the current-state Sus-
VSM. The improvement in chemical consumption value not only gives a positive
impact to the environmental, but also to the economy in general where the oper-
ational cost is also simultaneously reduced.
 Process water consumption – processed water is used in spray rinses to remove
any chemical residues on the substrate from the previous process tank and to pre-
vent any chemicals from entering in the next process tank. The EN-Plating uses DI
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water, i.e. demineralized water where ions have been removed due to electrically
charged atoms or molecules, either negative or positive, which may disrupt the reac-
tion of chemicals during the reduction process. To collect all the measurable values
for processed water, researchers have to identify the process or equipment within
the scope area of which operations entail the consumption of water. Once done, the
flow rate of each tank needs to be determined in order to evaluate the input and
output volume apart from the usage frequency or rate for a period of time.
Subsequently, the waste volume can be determined, and if necessary, the toxicity of
the water can be checked. Improvement in process water consumption will also lead
to economic sustainability whereby the utilities cost can be salvaged in the usage
(Jiran et al., 2019). The final data is accordingly gathered and measured.
 Energy consumption – energy consumption in manufacturing activities needs to be
evaluate further due to its environmental impacts. Energy flows must be outlined in
the VSM to illustrate the flow and relationship of the energy generated from the
source to the output. Cosgrove, Rivas Duarte, Littlewood, and Wilgeroth (2018)
highlighted the energy flow through the VSM and successfully identified energy
reduction opportunities. Energy consumption is selected as an environmental metric
due to its direct relation to environmental sustainability, i.e. the usage of non-
renewable resources and GHG throughout the process (Faulkner et al., 2012).
Mikulic, Rasic Bakaric, and Slijepcevic (2016) tabulated the energy consumption
and CO2 emission according to the energy sources, highlighting the value of 65.22
kgCO2/GJ in energy consumption. Through the Sus-VSM, researchers can identify
the main contributor of energy consumption and areas for improvement by first
identifying the machinery, equipment or process involved in the consumption of
energy, and gathering all the energy values whether electricity or fuels. The aspects
of energy usage, generation and consumption can be better understood by deter-
mining the total energy consumption for each operation. Figure 3 illustrates the
pareto chart for energy consumption by the equipment and process involved in the
case study. The major contributor will be further access on the potential of energy
consumption reduction. Energy consumption by each machine has consequently
been measured and inputted in the current-state Sus-VSM (Figure 1).
4.2.1.3. Societal metrics. Due to the sustainability philosophy, which is a result of the
growing awareness of the global links between mounting environmental problems, eco-
nomic issues, and concerns about a healthy future for humanity, and long-term horizon
(Gholami, Rezaei, Saman, Sharif, & Zakuan, 2016), the societal metrics have been
employed by scholars, who carried out sustainability assessments with similar criteria on
the importance of employees’ health and safety (Faulkner & Badurdeen, 2014; Veleva &
Ellenbecker, 2001; Winroth, Almstr€om, & Andersson, 2012; Shuaib et al., 2014). For this
reason, employee noise exposure in the production area and the workload evaluated by
physical load index are considered to be the key indicators in this project.
 Noise level – noise is defined as unpleasant, unwanted, disturbing sounds gener-
ated from acoustic waves either in disturbance or pressure fluctuations throughout
the medium/process. Occupational noise contributes 7-21% of hearing loss among
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workers. Nelson, Nelson, Concha-Barrientos, and Fingerhut (2005), Dobie (2008),
and Lie et al. (2016) indicated that the percentage of hearing loss among workers
is slightly lower in industrialized countries than in developing countries and
deemed as a critical global issue. The Department of Occupational Safety and
Health Malaysia (DOSH., 2005) has set up industrial guidelines for controlling
noise exposure to workers. In 2015, 4287 cases out of 4746 cases have been
reported as occupational noise induced hearing loss (NIHL) by DOSH Malaysia.
Through this case study, noise level (dB) has been mapped on each process
(Figure 1) to illustrate the noise level distribution in the EN-plating process.
Specific measurement points have been assigned for each process in order to
gather accurate readings for noise level. According to OSHA (United States
Occupational Safety and Health Administration) (2008), the maximum noise level
exposure is only 85dB for not over 8 hours. Noise level meter tools are used to
easily and accurately measure industrial noise level.
 Ergonomics (physical work metric) – one of the metrics chosen for workload
evaluation is physical ergonomics at the workplace carried out using various tools
including Rapid Upper Limb Assessment (RULA) (Corlett, 2003) and Rapid Entire
Body Assessment (REBA) (Hignett & McAtamney, 2000). The NIOSH Lifting
Equation is also used for ergonomics assessment developed by the Washington
State Department of Labor and Industries based on NIOSH research on the pri-
mary causes of back injuries (Waters, Putz-Anderson, & Garg, 1994). In this case
study, ergonomic assessment is conducted on the Racking and Un-racking activity
using the REBA method, which is more applicable for postural analysis involving
movement activity. The rack and un-racking activity are carried out by the oper-
ator. Scores are given according to the body regions: wrists, forearms, elbows,
shoulders, neck, trunk, back, legs and knees. Guidelines on scoring are illustrated
in the REBA worksheet. Once the data for each region has been collected and
Figure 3. Pareto chart of electricity distribution (kWh).
Source: The Authors.
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scored, a single score is generated to represent the level of MSD (musculoskeletal
disorders). MSD risk as defined by Hignett and McAtamney (2000) has a scoring
from negligible risk to very high risk, numbered from 1 to 11. MSD score risk
level is illustrated in Figure 4. The scores that are more than 11 will require man-
datory improvement action. A complete REBA score has accordingly been illus-
trated in Figure 5.
4.2.2. M2: Creating the current-state Sus-VSM
After the identification and measurement of the sustainability metrics, the following
stage in the proposed approach to Sus-VSM is to create the current-state map.
Throughout this project, all the data are gathered, classified and measured according
to their environmental, economic, and social impacts. Faulkner and Badurdeen
Figure 4. REBA MSD score risk level.
Source: The Authors.
Figure 5. REBA score for the racking and un-racking activities.
Source: The Authors.
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(2014) developed the Sus-VSM for satellite disc production line by considering the
impacts of cycle time, processed water consumption, raw material usage, energy con-
sumption, physical ergonomics and safety aspects at the workplace. Many other bene-
ficial sustainable metrics can be included to develop a more comprehensive Sus-VSM,
thus producing accurate sustainability performance assessments for improvement
activities. However, excessive information on the Sus-VSM may lead to wrong inter-
pretations, redundancies and noise factors as emphasized by Brown et al. (2014) and
Faulkner and Badurdeen (2014). Hence, comprehensive discussion, brainstorming
and review session activity need among the team experts and users to finalize the
suitable sustainable metrics. Figure 1 illustrates the current-state Sus-VSM created in
this study, consisting all the information and data measured and inputted for the EN-
Plating process.
4.3. Analyze phase
4.3.1. A1: Analysing the identified green wastes
Once the current-state Sus-VSM was developed, waste or any non-value added activ-
ities can be identified and measured where the process, material, and information
flow from process to process, inclusive of important data and parameters can be seen
over the current-state map. Processes or activities that require improvement and fur-
ther analysis can thereafter be identified. In the Sus-VSM, the data box indicates the
summary of all the data input for each process. For this case study, total cycle time,
value added ratio, total chemical usage and consumption, processed water and energy
consumption are tabulated for easy interpretation of the Sus-VSM. The noise level is
also measured as average in the data box, together with the REBA value.
Sus-VSM is an advanced and comprehensive method to understand the sequence
of activities and information flow as it considers all the elements required for sustain-
ability (US EPA, 2007). To ensure its efficiency, researchers need to define the pri-
mary product or process clearly and be selective in choosing sustainable metrics for
measurement, which is achievable using lean Six Sigma statistical tools such as the 5
Whys, statistical process control, control chart, Pareto chart, ANOVA and many
more prior to the development of the Sus-VSM.
Figure 1 shows that the total time to complete the entire process of EN-Plating is
about 7.4 hours with a breakdown of value-added time of 5.2 hours leading to 0.71
Value Added Ratio (VAR value) for the cycle time of 1.4, indicating the existence of
considerable non-value added activities for 2.2 hours. Figure 2 plotted the Pareto
chart for the nickel plating process cycle time to further identify the bottleneck of the
whole process.
Meanwhile, about 330 Liters are Bleed off during the process every 105 plating
runs per cycle. Bleed off activity is necessary to maintain the MTO (metal turn over)
of the bath by removing a by-product called sodium orthophosphate. In terms of
energy consumption, the EN-Plating process had utilized about 315,530 kWh of elec-
tricity. The utilization of electricity for each machine and process needs to be further
analyzed so as to determine the necessary improvement activity for reducing the elec-
tricity consumption. The Sus-VSM illustrated a noise level reading of 75.92 dB for the
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EN-Plating process with a maximum value of 87.00 dB at the plating tank area.
However, in this particular area, no employee had been assigned to perform any task
except for engineering specialists who are required to perform the necessary trouble-
shooting upon request. Additionally, they are equipped with proper PPE and hear-
ing aid.
From the ergonomics evaluation conducted through the REBA method, the REBA
score for the racking and un-racking activity is 9, indicating a high risk of MSD thus
requiring improvement activity.
4.3.2. A2: Identifying the performance improvement opportunities/areas
Interpretation of the current-state Sus-VSM map is crucial to determine the next
step. The process/activity that requires further improvement action can thereafter be
identified as the Sus-VSM reveals a lot of important data that translates into waste.
Another important data is the Value Added Ratio (VAR), which can be obtained
by dividing the total value added, depending on which parameter is being considered,
with the total non-value added. The lesser the VAR value, the better the product/pro-
cess quality and the more sustainable the product/process is. The bottleneck process
can be also identified, and a study can thereafter be conducted on waste reduction
and improvement activity.
From the analyzed data and the current-state Sus-VSM created, the researchers
can determine which area that require further attention thus improvement activity
can be identified and planned out. Vinodh, Ben Ruben, and Asokan (2016) and
Chen, Li, and Shady (2010) utilized lean six sigma tools such as 5S and Kaizen.
Faulkner and Badurdeen (2014) suggested the Sus-VSM as preliminary tools for
improvement and proceeded with further analysis using the LSS method.
Throughout the study, areas that required improvement activities were identified
i.e. cycle time and IDM cost under the economic metrics, chemical and energy con-
sumption under the environmental metrics, and REBA score under the societal met-
rics. This proposed approach will simultaneously contribute to the solutions and
improvement activities.
From Figure 2, it is observed that PPW/PPO contributed the second longest cycle
time compared to the other processes. The EN-plating recorded the longest time con-
sumption, but this is justifiable as the process for nickel plating entails the plating
parameter specifications including plating thickness, plating rate, and hardness. Thus,
the cycle time for the plating process requires further research to determine the
needed improvement activity.
PPW/PPO starts the process by the operator by manually loading the caddy con-
sisting of 25 pieces of discs onto the PPW entrance conveyor. The moving conveyor
will bring the caddy to the boat tank, where the caddy will be slowly immersed into
the DI water for cleaning purpose. The caddy will then proceed to the spray rinse
area to further clean and drop all the stains and particles that are sticking on the
disc. The caddy will then continue to the oven area for drying purpose. The total
time from the infeed PPW conveyor to the outfeed of the PPO takes up 105minutes.
Improvement activity shall be conducted at this area by initially cutting the process-
ing time within the PPW/PPO and identifying the sub-area that consumes the longest
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time. Through this study, improvement activity can be planned and carried out to
reduce the cycle time by introducing new methods for the cleaning activity or caddy
arrangements, and potentially implement new technology to enhance the cleanliness
of the disc by considering the effectiveness of the changes and the financial impact.
Filter change is often observed as the 5% contributor in terms of overall IDM cost
and this translated to about 251.44USD for the filter change activity. The concentra-
tion has been given to the filter usage and high change frequency in the production.
Further analysis on the root cause of the high change frequency should be carried
out to identify whether the sources are actually coming from the wrong filter installa-
tion and usage, or the materials of the filter itself contribute to the low usage rate in
production and high change frequency. If so, optimization of the filter material and
outsourcing of the filter supplier will be the key to cost reduction for the IDM.
Further cost breakdown and impact analysis should be brought up to make up more
room for improvement.
Based on Figure 1, chemical and energy consumption have been identified as the
areas that require improvement activities i.e. to reduce energy consumption and to
optimize the usage of chemicals and electricity. The chemical composition for nickel
consists of nickel sulphate, phosphorus, stabilizer, complexer and water. In this case,
the total volume of all the chemicals i.e. 8510.1 litres is used to plate the substrate,
and out of that volume, about 4214 litres is the nickel composition. In the EN-
Plating process, about 330 litres was bled off from the plating line in order to control
the MTO level. The improvement activity can be consequently conducted in this area
by working on the optimization of the nickel composition; therefore, in theory, it can
be fully deposited on the alum substrate during the EN-Plating process leading to less
chemical wastes.
Figure 3 illustrates the Pareto chart for energy consumption using the equipment
involved in the case study which shows that the majority of electricity usage was con-
tributed by the Post Plate Wash (PPW) and Post Plate Oven (PPO) which are
involved in the heating and cooling of the plated substrate. PPO is set at a heating
temperature of 230 C running continuously day and night, thus potentially causing a
drastic rise in energy consumption. There are opportunities to reduce the percentage
of energy consumption in this area by further breaking down the electricity consump-
tion in the sub-areas within PPW/PPO. From here, improvement activities can be
planned to reduce the consumption of electricity and lead to cost optimization which
is beneficial for industries in general. To this end, Jakovac (2013) found that there is
a bidirectional feedback in the short-run and that causality runs from energy con-
sumption to economic growth in the long-run. However, in recent years, the above
environmental issues have become determinants of a particular interest in sustainable
economic growth (Obradovic & Lojanica, 2017).
REBA score has been considered as one of the social metrics, which refers to the
physical work metric (ergonomics). REBA employee assessment was conducted on
the operator working at the racking and un-racking station, and a score of 9 was
obtained which indicates a high risk of the activity, hence requiring further improve-
ment (Figure 5). The REBA score is divided into 2 divisions – score A and score B.
Score A assesses the neck, trunk and leg while score B examines the arm and wrist.
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Through the study, division B showed a higher score, thus the improvement activ-
ity should be planned as such. The operator was observed to pick up the spindle that
consists of 100 pieces of discs with both hands and bending the body in order to
raise the spindle, turning around and placing the spindle on the rack. This activity
may lead to wrist and back pain if done repeatedly for a longer time. Therefore, further
analysis in the workstation layout, operator movement and work procedure should be
looked into to identify the problematic areas. The goals are to ensure that the operator
is able to pick up and place the spindle easily without the need to bend any part of the
body. It will reduce the potential of developing shoulder, back and arm wrist pain. A
safer workplace will lead to a healthier and more conducive environment for the
employees, thus impacting their attrition rate and organizational health positively.
Yoon and Yoon (2018) pointed out that clean capital such as human capital plays a
key role in sustainable growth. It is indicated that in order to obtain a socially optimal
and positive growth rate, the economy needs to redirect some of its accumulated capital
towards improvement activities (Yoon & Yoon, 2018).
4.4. Improve phase
4.4.1. I1: Creating the future-state Sus-VSM
The current-state Sus-VSM provides the current condition for the product or process
flow. It records the actual parameter setting, quantity, and volume, as well as time.
From the mapping, waste and non-value added activities can be identified and meas-
ured. Future state mapping is objectively developed to illustrate the improved product
or process flow after undergoing the improvement activity in the Analyze phase.
Once the areas of improvement have been identified and conducted, the future-state
Sus-VSM can be developed to visually represent the desired state of performance.
The continuity of the improvement activity should not be stop at this stage. Further
analyse using future-state E-VSM should be conducted for continuous improvement
(Kaizen activity) in order to determine either objective, scope and expected outcomes,
as stated in Define phase, or require further improvements (Garza-Reyes et al., 2014).
4.5. Control phase
4.5.1. C1: Monitoring and institutionalizing the improvement actions taken
Establishing a complete future-state Sus-VSM map is essential for monitoring and
controlling the improvement progress. The objective and goal setting constituted in
the Define phase should always be referred to as this is the fundamental element that
ensures the success of the lean practice deployment (Kumar & Phrommathed, 2006).
Statistical process control (SPC) tools may help in monitoring, controlling and sus-
taining the improvement activity. The control charts tools can be used to monitor
critical environmental and economic parameters as selected for sustainability metrics
as these tools include the control limit, minimum, maximum and average parameter
monitored (Montgomery, 2001; Nagi & Altarazi, 2017). In the context of chemical
volume usage monitoring and energy consumption by machine, the most appropriate
control charts that to be used through Minitab software is X bar R chart, X bar S
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chart, Pareto diagram and Box plots charts for monitoring purposes. While graphical
summary that contain histogram, boxplot and analysis of standard deviation, mean
and many more parameters can be used for improvement evaluation after certain
periods of time.
The formal documentation of all the improvement actions taken and best practices,
as suggested by this stage of DMAIC (Montgomery, 2001; Pyzdek, 2014), will ensure
that all employees perform the processes in a uniform manner (Garza-Reyes, 2015),
which will contribute to the reduction of variability in the consumptions of the met-
rics considered and, thus, institutionalizing the sustainable developmental improve-
ments in the organization. To this end, extensive empirical evidence, such as that
provided by Prashar (2017), Powell et al. (2017), and Garza-Reyes et al. (2018), sug-
gests that a systematic approach with logically and well-defined sequenced transitional
stages, such as those facilitated by the proposed DMAIC-based approach to Sus-VSM,
will provide a more effective and efficient approach to institutionalize the operational
improvements.
5. Conclusions
Innovation has been highlighted to be vital to achieving a sustainable manufacturing
system; a system that involves not only the making of more sustainable products but
also using more sustainable processes for the production of those products (Faulkner
& Badurdeen, 2014). To this end, this paper took into careful consideration the appli-
cation of sustainable VSM (Sus-VSM) developed by Faulkner and Badurdeen (2014),
which includes metrics to evaluate the economic, environmental, and societal sustain-
ability performance of a manufacturing line. Investigation on this stream has been
confined to a handful of studies only, this research is therefore among the very lim-
ited number of studies, which have considered this application for the sake of sustain-
able manufacturing.
More significantly, this study contributes to advancing the body of knowledge in
the field of Lean Six Sigma (LSS) through proposing a novel DMAIC-based approach
to systematize Sus-VSM. It addresses a notable shortfall in Sus-VSM by offering a
continuous improvement process where, based on the establishment of a current-state
Sus-VSM map and after achieving its future-state map, subsequent future-state Sus-
VSM maps can be drawn to enable a continuous improvement cycle. This enables the
deployment of Sus-VSM in a systematic, repeatable, and continuous cycle of improve-
ment manner. The proposed approach was practically validated with an industrial
case. Accordingly, the results of the case study revealed that a DMAIC-based
approach can be effectively applied to systematize Sus-VSM towards sustainable
manufacturing.
Besides the proposal of this approach, its testing, and expanding the body of
knowledge in the LSS, the paper also contributes by providing a guiding reference for
operations managers who may wish to undertake similar improvement projects and
make the operations of their manufacturing more sustainable, and, hopefully, inspir-
ing researchers and practitioners to broaden the study of the under-researched field,
which is subject of growing interest in various industries, e.g. healthcare, services,
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logistics and transport, among others. However, these industrial sectors are under
increasing pressure to be more sustainable and the systematic implementation of Sus-
VSM can provide them with an opportunity to achieve this endeavour. It must be
noted here that the chosen economic, environmental, and societal metrics are not
specific to certain sectors as the development of the methodology is aimed to be gen-
erically applicable industry-wide. Certain sectors may require their own customized
metrics. Further studies through additional case studies and application to other
industry sectors could help create a portfolio of sustainability metrics on a sector-by-
sector basis as needed. Further research to implement the Sus-VSM tool using the
DMAIC-based approach to enable the development of future-state maps and add-
itional case studies to validate the proposed methodology are also necessary. It should
hereby be developed in a cumulative manner to complement and support the body of
knowledge on this sustainable-oriented hybrid application.
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